A batch-compatible integration of micro-electro-mechanical systems (MEMS) with nanoscale objects is demonstrated using the example of a gripping device with nanoscale end-effectors. The proposed nanofabrication technique is based on creating a certain number of nanowires/ribbons on a planar surface, each with a known orientation, using self-assembled crack networks as a template. Since both the location and orientation of the nanowires/ribbons are known, the gripping device can be lithographically transferred on to the substrate ensuring full integration of MEMS with nanoscale end-effectors. Two nanowires/ribbons are attached to each MEMS solely at desired locations with a desired inclination in contrast to most other self-assembly-based techniques of growing nanoscale objects. Challenges unique to MEMS fabrication are encountered raising process requirements beyond those of the simple electrode-nanowire integration. With issues related to yield and end-effector geometry remaining to be studied further, the method proposes a true batch fabrication for nanoscale objects and their integration with MEMS, which does not require the use of nano-lithographic techniques.
Introduction
Controlled fabrication of nanostructures itself provides a considerable challenge. When it comes to the integration of these objects with microstructures, especially complex devices rather than simple electrodes, the task becomes even more challenging, with additional process requirements introduced by the existence of microscale components. In this case, the choices regarding precision, speed and the level 4 Present address: Department of Micro and Nanotechnology, Danmarks Tekniske Universitet, DK-2800, Kongens Lyngby, Denmark. 5 Author to whom any correspondence should be addressed. 6 Present address: College of Engineering, Bogazici University, 34342, Bebek, Istanbul, Turkey. of investment become highly polarized. On the one hand, top-down techniques such as e-beam lithography and ionbeam milling provide unmatched precision at the expense of parallel processing. On the other hand, bottom-up methods based on self-assembly provide cheaper and faster alternatives, however with much less control on the number and orientation of nanoscale parts. It should be emphasized that without batch compatibility, research in this field remains mainly confined to component development, whereas the leap from components to a full-scale system necessitates further studies on the integration aspect. In the near future, the suitability of a nanofabrication technique for integration with higherlevel structures will be considered as vital as its capability of producing well-controlled nanostructures.
Taking a brief look at the present state of technology, we can conclude that the lack of precision might not constitute a problem in cases where nanoscale objects are grown on a functionalized surface on MEMS with no preference regarding their number and sometimes orientation [1] [2] [3] [4] . There are also examples where objects, fabricated elsewhere, are attached on lithographically defined patches by self-assembly [5, 6] . Although high-resolution lithography leads to better spatial control in the latter case, it quickly evolves into a task beyond the capabilities of self-assembly, when it comes to placing a single nanowire at a certain spot on MEMS. Therefore top-down methods, such as e-beam deposition [7, 8] or ionbeam deposition [9] , and e-beam lithography [10] , remain as preferred tools for integration. Other extreme measures involving advanced manipulation and welding [11] [12] [13] [14] are also taken.
To give a more specific example, we can concentrate on the field of material property measurements, which is traditionally concerned with manipulation and integration issues. Considering mechanical measurements first, the majority of tension tests conducted on carbon nanotubes is observed to rely on attaching the nanotube to an atomic force microscope (AFM) tip. Once this step is accomplished, the nanotube is transferred to a MEMS tensilometer [12] or a tension test is carried out with the nanotube spanning two AFM tips [11] . The critical issues associated with both techniques are isolating a single nanotube from the rest and attaching it firmly to the tensilometer or the AFM tips. Such attachment either relies on van der Waals forces [12] or welding of the microstructures with an amorphous carbon film using electronbeam deposition [11, 15] .
Similarly, measurement of electrical properties requires physical contact either through nanoscale probes [16] or electrodes. If electrodes are used, various state-of-the-art methods are available: first of all, nanowires can be fabricated together with the electrodes using e-beam lithography [17] . If, instead of e-beam lithography, self-assembly is utilized, there are two possible routes: nanowires are dispersed in a solution and are either attracted towards a substrate using electrostatically [6] , chemically [5] and biologically [18] functionalized templates, or external fields for electric [19, 20] , magnetic [21] and fluidic [22] assembly are utilized to align the nanowires with respect to electrodes.
In this work, the issue regarding the lack of batch processes for nanoscale patterning is specifically handled within the framework of gripping devices or tweezers, where probes with submicron end-effectors in combination with highprecision motion control are necessary. Therefore tweezers with their stringent precision requirements provide a suitable platform for process and technology development regarding batch compatibility.
Most of the existing nanotweezers are produced by fabricating the actuation mechanism first, and then growing nanoscale extensions either by ion-beam [9, 23] or ebeam [7, 24] deposition.
Another approach is based on attaching end-effectors to the microstructure instead of growing them. One such example utilizes nanotube endeffectors attached to the main structure by an amorphous carbon film [25] . In a concept study, an acrylic adhesive was utilized for attaching carbon nanotubes under the view of an optical microscope [26] . And finally, some devices utilize microscale end-effectors which are thinned down to the nanoscale by etching [23] .
In contrast to the aforementioned techniques, in this work, end-effectors are fabricated using self-assembled crack networks as a template as explained elsewhere [27, 28] . This process is based on simple photolithography instead of sophisticated, serial techniques. Although the cracks or templates are formed by self-assembly, the technique provides end-effectors with predetermined numbers and orientations. Hence, this nanofabrication step may be followed by the fabrication of microscale electrostatic actuators with full registry and perfect alignment between two steps leading to a successful integration. It is claimed that, compared to electric, magnetic or fluidic field-assisted assembly, chemical vapor deposition (CVD)-based growth techniques or techniques based on surface functionalization, the proposed method provides an elegant way of placing a nanowire at a desired spot with a desired inclination with respect to the main structure. In the remainder of the paper, a discussion on the actuator design and analysis will be followed by fabrication details. The paper will be concluded with integration results.
Design of electrostatic actuators
An electrostatic comb-drive actuator with double-folded beam flexures is chosen as the movement device for the microgripper (figure 1). A potential difference between the movable and fixed comb structures creates an electrostatic force due to the capacitive energy stored in the system. The simplest symmetrical design for the electrostatically actuated microgripper is composed of three combs, as shown in figure 1(a) . The comb in the middle is fixed. The combs on both sides are anchored to the substrate via double-folded cantilever flexures, and hence, they are movable. Gripping action, i.e. closing the gripping ends, can be achieved by applying a voltage to the comb in the middle and grounding the movable ones. However, due to the fact that electrostatic forces are always attractive, motion in the opposite direction is not possible with this configuration. Controlled opening of gripping ends would become possible with the addition of two fixed combs on the exterior side of both movable combs [29] , which is not pursued in this study. In this section, comb-drive and flexure design will be explained and the final list of design parameters will be given.
Design of comb-drives
The total capacitance between a certain number of pairs of interdigitated comb fingers (figure 2) can be written as the sum of the capacitances due to interaction of the lateral and longitudinal comb faces as
where N f is the number of comb fingers on each comb, h is height of the device, w is width of each comb finger, t is the zero voltage overlap length between the fingers, g x and g y are the gap distances in the x-and y-directions, respectively, x is is the permittivity of free space [30] . The capacitive energy stored due to a voltage difference, V , between two combs is W es = C tot V 2 /2. The electrostatic force is then obtained by taking the derivative of the energy expression with respect to the displacement in the x-direction, F es = −∂W es /∂x, leading to the following equation [30] :
In the small-signal regime, where a linear behavior of the springs is assumed, the displacement, x, can be determined according to Hooke's Law as
As can be seen from equations (2) and (3), the actuator displacement has a quadratic dependence on the drive voltage due to the nonlinear nature of the electrostatic force. This is experimentally verified in figure 3 , where the theoretical calculation relying on equations (2) and (3) is overlaid on the DC deflection measurements for a specific design, as explained in the caption.
Design of flexures
A double-folded cantilever beam is a parallel combination of two folded cantilever beam structures. Taking equal lengths for both beams, the mechanical spring constants in the xdirection and the z-direction (out-of-plane), k mech,x and k mech,z , respectively, are calculated as
where E is the modulus of elasticity (E = 204 GPa for nickel), h s is the height of the spring (the same as the device height, h, mentioned above), w s is the width of the spring, and l s is the length of the cantilever beams of the structure [31] .
The devices anchored at both ends (figure 1(b)) lead to a more stable operation and better levitation control. The overall spring constant for such devices in the movement direction is 2k mech,x .
Parameter selection
Devices with various actuation mechanisms having different comb-drive and spring configurations or different dimensions were fabricated. Due to the fact that the gripping range for the microgripper is of the order of a few micrometers and considering operational requirements together with possible restrictions due to fabrication processes, the design parameters in tables 1 and 2 were chosen for comb-drives and doublefolded cantilever flexures. The resulting variations are also listed.
Electrostatic pull-in analysis and mechanical stability analysis (for both lateral and out-of-plane motion cases) were carried out individually for all devices with different design parameters. The results indicate that all designs are valid and that devices with different dimensions can be operated properly by varying the applied voltage.
Fabrication

Fabrication philosophy
The first stage in fabrication is the deposition of nanoscale end-effectors on a Si substrate. These structures are in the form of nanoribbons or nanowires starting and terminating at lithographically defined points, and they remain attached to Si along their entire length. Although they resemble planar structures that are electrodeposited in PMMA molds created by electron-beam lithography, they are in fact quite different. They are obtained by filling cracks in a sacrificial SiO 2 coating on Si [27, 28] .
In contrast to electronbeam lithography and other serial fabrication methods, the patterning capability makes this technique batch compatible, where the initiation and termination spots of cracks are created by photolithography, and the crack formation occurs simultaneously on the wafer level. Filling of cracks on other thin film/substrate systems is also reported [32] . Combined with thin-film delamination, the technique is also demonstrated to facilitate the implementation of shadow masking at the nanoscale [33] .
The process starts by depositing a SiO 2 film with a modified chemistry using plasma-enhanced chemical vapor deposition (PECVD). It is observed that in the presence of excess nitrous oxide, silanol (Si-OH) incorporation takes place leading to the formation of SiO 3/2 OH instead of SiO 2 [34] . Annealing of the deposited film results in a condensation reaction and a volumetric shrinkage. Due to (a) Two 10 μm deep crack initiation patterns (etched using a standard DRIE recipe) with no crack termination feature. The cracks intersect in the middle, and hence, resulting nanoscale end-effectors will be connected. (b) Two crack initiation patterns with a crack termination feature. The cracks are attracted towards the crack termination site which is apparent in the bending of the right crack. The crack on the left-hand side did not propagate all the way to the termination site. Note that edges of the termination feature initiated unwanted cracks. This effect can be suppressed by rounding the corners [27] .
the constraint provided by the substrate, this, in turn, leads to the development of tensile stresses, which are proportional to the concentration of evolved hydrogen [35] . These thermally induced stresses are responsible for cracking.
Along the thickness direction, cracks are observed to propagate through the oxide coating and arrest at the Si interface [27] . In the plane of the substrate, however, their propagation direction is dictated by the crystalline anisotropy of Si. They propagate along the 100 directions of the (100) Si substrate due to the diminished elastic modulus and decreased resistance to crack opening [28] . However, a certain distribution of mechanical stresses in SiO 2 under loading can be achieved to eliminate this effect. Patterning of the Si substrate is demonstrated to be an efficient way of dictating stresses, where sharp corners are used to amplify stresses and initiate cracks, and free edges provide tractionfree zones toward which cracks are attracted. The stress amplification is found to be due to the creation of sharp wedges during nonconformal deposition of oxide film as explained elsewhere [36] . Therefore, when the SiO 2 coating is subjected to thermal loading, a crack network self-assembles, whose pattern is solely determined by the initial distribution of crack initiators and terminators. Specific configurations employed in this study are shown in figure 4.
After the cracks are filled with the material of choice and the end-effectors thus are obtained, the fabrication of the microscale actuation mechanism is carried out as the second step. Since the location and orientation of each endeffector is known, the integration of the microscale device with nanoscale extensions is realized within the boundaries of simple photolithography. Once the integration is accomplished and end-effectors are securely attached to the device, the movable parts are released from the substrate, and the device is finished.
This alignment approach is essentially not very different from, for example, dielectrophoresis, where one-dimensional structures are polarized and moved in an external electric field and assemble with respect to pre-patterned electrodes. In our case, we have a mechanical stress field in the silicon dioxide coating that determines the assembly of the cracks with respect to crack initiators and terminators with a much better control on spatial density and orientation. 
Fabrication process
The fabrication process for the electrostatically actuated microgrippers, illustrated in figure 5 , starts with a lowresistivity (<0.0025 cm) (100) silicon wafer, which is 500-550 μm thick and 4 inches in diameter.
Crack initiator etching.
The first step is etching of triangles with sharp edges or trenches with free surfaces into the Si substrate via inductively coupled plasma deep-reactive ion etching (ICP-DRIE) using Mask#1 ( figure 5(a) ). An optimization study was carried out to find the best combination of etch power and resist thickness to retain the sharpness of the crack initiators; otherwise crack initiation could be inhibited (see figure 4) . High radio frequency (RF) power during etching was required to enhance the etch anisotropy, whereas a low resist thickness is necessary for the precision of the pattern transfer. The minimum resist thickness that would survive high-power DRIE and still lead to a reasonable etch depth was determined to be 1.5 μm. The etch rate of the high-power DRIE recipe turned out to be 0.93 μm min −1 , and an etch depth of 6.5 μm obtained through a 6 min etch was observed to be sufficient for crack initiation.
Nanoscale end-effector fabrication.
Once the substrate was patterned with crack initiators and terminators, a 4.6 μm thick layer of sacrificial SiO 2 film with modified chemistry was blanket-deposited using PECVD ( figure 5(b) ). The deposition parameters are reported elsewhere [27, 28] .
Upon annealing at 500
• C for 40 min, a crack network was obtained in the SiO 2 coating with the cracks terminating at the Si/SiO 2 interface. ( figure 5(c) ). It should be emphasized that cracks form and propagate along the line of symmetry of the crack initiating features as shown in figure 4 . Hence, the relative orientation and position of a crack pair is fixed. This makes the use of a standard mask aligner possible during all lithography steps with an alignment tolerance on the order of 1 μm depending on the quality of the alignment mark design and operator skills.
The cracks were then ready to be utilized as molds during electroplating of nanoscale end-effectors where deposition takes place on the low-resistivity Si interface at the crack tip leaving the SiO 2 surface intact. The fact that electrodeposition is to occur directly on the Si substrate in the absence of any seed layers should also be emphasized at this point to highlight the difficulty associated with the process. In order to achieve a uniform electric field distribution through low substrate resistance during electroplating, a thin layer of chromium and gold (10 nm and 200 nm, respectively) was deposited on the back surface of the wafer, which was then covered with a 2.2 μm thick photoresist film to prevent any deposition here. An opening should be left on the resist close to the wafer edge for electrical contact. Moreover, since the opening at the Si/SiO 2 interface was on the order of only a few nanometers, the cracks were widened slightly by etching in buffered hydrofluoric acid (BHF) just before electroplating ( figure 5(d) ). Note that the width of the resulting nanowires is determined by the etch time at this step. In order to eliminate the formation of any native oxide on the Si surface, either the electroplating step should be carried immediately after the BHF etch or the wafer should be dipped into a diluted acid bath for just a few seconds prior to nanowire deposition. Nanoscale end-effectors were then deposited inside these widened cracks using a nickel electroplating bath [37] . It should be kept in mind that side walls and bottom of crack initiation grooves are not fully covered by the sacrificial SiO 2 layer. Consequently, it is not possible to calculate the effective plating area for nanowire deposition exactly; thus, the optimal plating current cannot be determined, and this requires further process optimization for both the deposition rate and the surface quality of the resulting nanowires.
The wafer was clamped to a single-contact wafer holder at the location where Cr/Au layer was exposed on the back. After dipping the wafer into the electrolyte solution, the wafer holder was electrically connected to the anode and the current was gradually increased to 160 mA. Hence, Ni deposition started on the wafer surface inside the crack molds forming nanowires ( figure 5(e) ). In order to enhance the uniformity over the wafer, the electrolyte solution was agitated by purging compressed air through a number of holes in a tube at the bottom of the tank. After 35 s, which corresponds to a deposition thickness on the order of 500 nm, the current was gradually decreased to zero and the wafer was taken out of the plating bath. After rinsing the wafer in deionized (DI) water for 2 min, the photoresist layer at the back was removed in acetone and the rinsing step was repeated one more time. • tilted view of the nanoribbon end as a result of a 1 min Ni deposition performed at 40 mA. Note that to reveal the nanoribbon buried inside the crack, the sacrificial oxide layer was removed by wet etching. During this process, Si in the immediate vicinity was exposed to BHF along the Si/SiO 2 interface.
It should be emphasized that widthwise, the resulting end-effectors are confined within the cracks, whose opening is determined during the initial BHF step. Their thickness, on the other hand, is a function of the deposition time. Longer deposition times lead to planar structures, such as the nanoribbon of figure 6 obtained after 1 min of deposition. Other types of resulting end-effectors will be presented in the following sections.
3.2.3.
Preparation of the seed layer for nano-micro integration. Since the sacrificial SiO 2 layer is not electrically conductive, it is necessary to deposit a plating base prior to the electrodeposition of the actuator. Electroplating of the actuator will also take place on top of the nanoscale end-effectors, where these will be attached to the actuator. The strength of this bond is critical for device performance. Therefore it is important to further widen the crack opening in this integration zone to allow the plating base to reach into cracks in physical vapor deposition. The widening was carried out using wet etching in BHF. The remaining SiO 2 layer was protected using Mask#2 ( figure 5(f) ). A micrograph of the process is shown in figure 7 .
Following the removal of the photoresist mask in acetone and rinsing of the wafer in DI water for 2 min, a 10 nm/200 nm Cr/Au layer was deposited on the front side of the wafer by ebeam evaporation ( figure 5(g) ). This provides the connection between the nanoscale end-effectors and the actuator devices and also serves as a plating base for actuator deposition. 
Actuator fabrication.
After seed layer deposition, a 9.5 μm thick photoresist film was spun on the wafer and patterned using Mask#3. Hence, a mold defining the actuator devices was prepared. The best resolution achieved at this lithography step was about 2 μm for both positive and negative patterns. Square-shaped platforms at the tip of the MEMS actuator are designed to compensate this misalignment. This, combined with a careful design of the nanowire cutting mask (Mask#4), ensures a working pair of tweezers.
The wafer was then clamped to a three-contact wafer holder. Electrical connection to the Cr/Au plating base was then achieved through openings in the resist layer. The electrodeposition was performed using a Ni electroplating bath [37] ( figure 5(h) ). The procedure was similar to the case of end-effector fabrication. After dipping the wafer into the electrolyte solution, the wafer holder was electrically connected to the anode and the current was gradually increased to 250 mA. Ni deposition started on the Cr/Au seed layer inside the photoresist mold, forming device structures. The electrolyte solution was agitated by air bubbles. Uniformity at the edges was further enhanced by using a current thief, i.e. connecting a dummy electrode in the form of a ring surrounding the wafer to a secondary cathode [37] . The expected deposition rate for Ni was 0.2 μm min −1 at 1.0 A dm −2 and the process parameters corresponded to a device thickness of 6 μm for the active electroplating area defined by Mask#3. After 30 min of deposition, the current was decreased to zero and the wafer was taken out of the plating bath. Finally, after rinsing the wafer in DI water for 2 min, the 9.5 μm thick photoresist layer on the front was removed in acetone and the rinsing step was repeated one more time.
The variation of actual dimensions was already given in tables 1 and 2. Considering a three-comb single anchored device as an example ( figure 1(a) ), the thickness of the comb fingers, which were designed as 5 μm, came out to be 6.5 μm, resulting in a lateral gap of 2.5 μm instead of 4 μm ( figure 1(c) ). Similarly, this enlargement of dimensions also led to a longitudinal gap of 27.7 μm rather than 30 μm. The thickness of the double-folded cantilever flexures for the same device turned out to be 5 μm instead of 4 μm ( figure 1(d) ).
Considering a double-anchored device at a different location on the same wafer ( figure 1(b) ), it was observed that even though dimensions of the fabricated device were closer to the design parameters than the previous case, the edges of both comb fingers and device tips were rounded. However, this effect is not expected to influence significantly either the electrostatic behavior or proper operation of the device.
At this stage, the movable combs are connected to each other through intersecting nanoribbon end-effectors, as shown in figure 8 . 
Cutting of nanowire ends.
The last step before the release process was separating the end-effectors from crack initiation and termination sites and cutting them to a desired length. In order to expose the desired portions of end-effectors to a Ni etchant, the Cr/Au seed layer covering the wafer surface, including both the sacrificial SiO 2 layer and the endeffectors, should be removed. The 200 nm thick Au layer was removed first in Entreat 100 (trademark of Engelhard Company) for 18 min and the wafer was rinsed in DI water for 5 min. Entreat 100 is an ideal Au etchant providing good selectivity over Ni. Etching was followed by the removal of the 10 nm thick Cr layer in a commercial Cr etchant for 40 s. Since the Cr etchant attacks Ni with a relatively low etch rate, and the etch time was quite short, the Ni structures were not damaged. Overetch should be prevented in both Au and Cr etch steps in order for the end-effectors to remain attached to device tips and for the devices to remain anchored on the substrate.
After Au and Cr removal, the Ni end-effectors were cut to the desired length by etching in a 13% (w/w) solution of nitric acid (HNO 3 ) for 6 1 2 min using a 6.2 μm thick photoresist mask patterned with Mask#4 ( figure 5(i) ). This mask exposes the portions of the nanoscale end-effectors to be cut and Ni deposited on the side walls of crack initiators and terminators, if used. Figure 9 (a) shows one such configuration where the exposed regions are evident. Hence, the length of the protruding end-effectors was determined at this stage. Considering the possibility of a misalignment between lithography steps and anomalous crack formation, the exposed area was extended into the region between the square-shaped platforms. However, due to satisfactory mask alignment and crack formation, this feature was never utilized. When the wafers were investigated after release, it was observed that nanoribbon end-effectors were successfully detached from both their intersecting counterparts and the excess Ni deposited on crack inducer walls ( figure 9(b)) .
The wafer was then rinsed in DI water for 2 min. Finally, after the 6.2 μm thick photoresist layer on the front was removed in acetone and rinsing step was repeated, the devices were ready to be released.
3.2.6.
Release. The last step in the fabrication of the electrostatically actuated microgrippers is the release of the devices ( figure 5(j) ). For this purpose, the sacrificial SiO 2 layer was removed from beneath the movable combs by wet etching in BHF for 24 min. This is the first step where end-effectors, otherwise buried inside the oxide layer, become visible under the microscope.
Since nanoscale end-effectors were still attached to the Si substrate, the substrate was etched using a 33 wt% KOH solution at 60
• C. This resulted in an etch rate of 0.54 μm min −1 , and a 10 min etch time was found to be sufficient to produce functional devices. In order to reduce sticking of the released devices to the substrate surface due to the ubiquitous capillary forces, the devices were dried in ethanol vapor at 72
• C after DI water rinse. Released actuators and nanoribbons are shown in figure 10 .
To check whether nano-and microcomponents kept their integrity during release, we conducted two separate tests. First of all, a nanoribbon was pushed by a silica probe under the view of an optical microscope. The resulting deformation is shown in figure 11 . It was observed that the nanoribbon could be bent by almost 70
• without any fracture occurring in the ribbon or along its interface with the microstructure. When the loading was removed, the nanoribbon was observed to spring back to its original position, indicating complete elasticity.
It should be noted that the end-effector was loaded very close to its base rather than at the free end. If one applies the load at the free end, a much lower load would be sufficient to deflect the structure by a given amount. If, however, the point of the application of load is receded toward the base, the amount of required load to obtain the same deflection increases. The portion of the end-effector between the base and the point of application of the load is then subjected to higher bending stresses, whereas the rest of the structure remains stress-free. In a linear elastic regime, one needs to increase the load 69 times compared to the free-end loading, if the distance between the base and the point of load application is reduced to one tenth of the length of the structure. The survival of the structure under these conditions is due to the specific sulphamate nickel bath used for electroplating. The bath is optimized to have low internal stresses using a low deposition temperature and a low deposition rate. The bath contains various grain refining additives making a grain size around 50 nm possible. This is the main reason for the relatively high hardness of 440 HV (under 50 g load) as opposed to 210 HV for conventional sulphamate nickel [38] . This corresponds to a tensile strength of 1300 MPa [39] .
This experiment also verifies that the nanowires are well attached to the device and probably withstand any forces required to pick up objects which are not attached to the substrate surface, e.g. latex beads of 1-5 μm diameter. The lateral stiffness of a 2 μm long end-effector with a 300 nm width and a 4 μm height can be calculated as 688.5 N m −1 , which can considered to be sufficiently high. However, bending of the nanowires becomes an issue if samples attached to the substrate surface are to be manipulated, e.g. PECVDgrown carbon nanotubes.
The particular actuator with a single nanoribbon extension shown in figures 10(c) and (d) is then utilized in the experiment of figure 12. Here the left-hand comb is brought slowly toward the stationary comb and the resulting motion is captured under an optical microscope. The trench in the Si substrate produced by FIB milling is used as a reference point (designated with the white arrow) and the motion of the tip of the nanoribbon is traced by the dark arrow. It is evident that the end-effector moves together with the device tip.
Fabrication issues
Two main issues are observed to remain for further study.
(1) The yield related to end-effector fabrication. Most of the microgrippers are observed to have only a single endeffector. Although better yield was obtained with the same method previously [28] , various etching and deposition steps involved in the actuator fabrication are responsible for missing end-effectors. For example, figure 13 shows a failed device where the end-effector is detached from the device during the removal of the oxide mold. This can be prevented by etching more oxide from the squareshaped openings in figure 7 using Mask#2. This will increase the contact area between the nanowire and the device as opposed to the weak chimney ( figure 14 ) that does not provide enough support and is prone to failure under various loadings created in wet etching. (2) End-effector geometry. The width of the end-effectors is governed by the crack width, which is a function of BHF etch time prior to nanowire deposition. Interested readers are referred to [28] for a discussion on the fundamental limits of the nanowire thickness. The height, on the other hand, merely depends on deposition time. Hence, one can control the end-effector dimensions by changing these two parameters. In this study, however, a variety of geometries are observed. Some end-effectors turned out to be nanoribbons with a width of 300 nm (figures 6 and 8), whereas others are observed to resemble bigger ribbons, again with a width of 300 nm, but with a considerable height of 4 μm, as shown in figures 10(b) and (d). The reason for such structures with an aspect ratio larger than ten is likely to be the inadequate masking of nanotemplates during the electrodeposition of the devices. Hence, unprotected, 5 μm deep templates, originally with a nanowire at the bottom, are filled with Ni up to an increased height, whereas the width of 300 nm is preserved due to the geometric constraint imposed by the template width. To prevent this unwanted secondary growth within the templates, square-shaped platforms at the device tip, over which the integration with endeffectors takes place, should be kept smaller than the actual square-shaped openings on the substrate. The surrounding photoresist will mask crack openings at the corner and prevent further deposition of Ni within the cracks as shown in figure 15 .
Conclusion
A case study for a batch-compatible integration concept of MEMS with nanoscale objects is presented in the form of microgrippers with submicron to nanoscale end-effectors. As opposed to the usual routes taken during the fabrication of such devices, the devices are fabricated using a directed self-assembly method, which first leads to a well-defined distribution of nanoscale objects on the substrate. Since this distribution is governed by features created by conventional photolithography, nanoscale objects are automatically aligned with respect to subsequent layers. The nanofabrication step is then followed by the microfabrication of the rest of the structures. We have demonstrated the successful integration of MEMS devices and nanostructures. However, some issues remain for further study. For example, most of the devices are observed to include only one end-effector as opposed to two as originally designed. This is a yield question that needs to be addressed in more detail.
Furthermore, depending on the specific batch, some of the endeffectors are observed to be in the form of nanoribbons with a width of 300 nm, while others form even larger ribbons which are 300 nm in width and 4 μm in height. The appearance of such structures is related to the fact that the templates could not be protected during additional electrodeposition steps, and hence, the end-effectors, originally in the form of nanowires, grow in height whereas their width is preserved due to the constraints imposed by the geometry of the templates. We note that these unusual knife-shaped structures may have applications, in particular, if the dimensions can be tuned further. These difficulties highlight challenges for process development for MEMS integration due to multiple mask usage and topography-related requirements as opposed to simple electrode-nanowire integration studies.
